An Aharonov-Bohm interferometer for determining Bloch band topology by Duca, Lucia et al.
An Aharonov-Bohm interferometer for determining Bloch band topology
L. Duca,1, 2 T. Li,1, 2 M. Reitter,1, 2 I. Bloch,1, 2 M. Schleier-Smith,3 and U. Schneider1, 2
1Fakulta¨t fu¨r Physik, Ludwig-Maximilians-Universita¨t Mu¨nchen, Schellingstr. 4, 80799 Munich, Germany
2Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany
3Department of Physics, Stanford University, Stanford, California 94305, USA
The geometric structure of an energy band in a solid is fundamental for a wide range of many-body phenom-
ena in condensed matter and is uniquely characterized by the distribution of Berry curvature over the Brillouin
zone. In analogy to an Aharonov-Bohm interferometer that measures the magnetic flux penetrating a given area
in real space, we realize an atomic interferometer to measure Berry flux in momentum space. We demonstrate
the interferometer for a graphene-type hexagonal lattice, where it has allowed us to directly detect the singular
pi Berry flux localized at each Dirac point. We show that the interferometer enables one to determine the distri-
bution of Berry curvature with high momentum resolution. Our work forms the basis for a general framework
to fully characterize topological band structures and can also facilitate holonomic quantum computing through
controlled exploitation of the geometry of Hilbert space.
More than thirty years ago, Berry [1] delineated the effects
of the geometric structure of Hilbert space on the adiabatic
evolution of quantum mechanical systems. These ideas have
found widespread applications in science [2] and are routinely
used to calculate the geometric phase shift acquired by a par-
ticle moving along a closed path—a phase shift that is deter-
mined only by the geometry of the path and is independent
of the time spent en route. Geometric phases provide an ele-
gant description of the celebrated Aharonov-Bohm effect [3],
where a magnetic flux in a confined region of space influences
the eigenstates everywhere via the magnetic vector potential.
In condensed-matter physics, an analogous Berry flux in mo-
mentum space is responsible for various anomalous velocities
and Hall responses [4] and lies at the heart of many-body phe-
nomena ranging from quantum Hall physics [5] to topological
insulators [6]. The Berry flux density (Berry curvature) is in-
deed essential to the characterization of an energy band and
determines its topological invariants. However, mapping out
the geometric structure of an energy band [7–9] has remained
a major unresolved challenge for experiments.
Here, we demonstrate a versatile technique for measuring
geometric phases in reciprocal space using spin-echo inter-
ferometry with ultracold atoms [9, 10]. In contrast to typ-
ical solid state experiments, where all geometric effects are
averaged over the Fermi sea, the use of a Bose-Einstein con-
densate (BEC) enables measurements with high momentum
resolution. We exploit this resolution to directly detect the
singular topological properties of an individual Dirac cone
[11] in a graphene-type hexagonal optical lattice (see Fig. 1).
Concentrated at the Dirac point is a pi Berry flux, which is
analogous to a magnetic flux generated by an infinitely nar-
row solenoid [12]. This localized flux gives rise to several
striking properties of graphene, including the half-integer shift
in the positions of quantum Hall plateaus [13, 14], the phase
of Shubnikov-de Haas oscillations [13, 14], and the polariza-
tion dependence in photoemission spectra [15, 16]. A similar
pi flux also plays a crucial role in the nuclear dynamics of
molecules featuring conical intersections of energy surfaces
[2]. Our direct detection of the paradigmatic pi flux demon-
strates the capability to reveal even singular Berry flux fea-
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FIG. 1. Aharonov-Bohm analogy and geometric properties of the
hexagonal lattice. In the Aharonov-Bohm effect (A), electrons en-
circle a magnetic flux in real space, while in our interferometer (B),
the particles encircle the pi Berry flux of a Dirac point in reciprocal
space. In both cases, the flux through the interferometer loop gives
rise to a measurable phase. C, Dispersion relation of the hexagonal
lattice, showing the conical intersection between the first and second
band at the Dirac points. D, Berry curvature of the first band calcu-
lated in the tight-binding regime with a gap of ∆=0.5J for visual-
ization purposes. Dirac points are located at the corners (K and K′
points) of the Brillouin zone (BZ) (gray hexagons). White arrows are
a pseudo-spin representation of the Bloch states with orientation in-
dicating the phase of the coupling between sublattices; lengths of the
arrows indicate the energy gap in the two-band model. Also shown
is a typical interferometer path (black diamond).
tures that are not observable by alternative techniques based
on transport measurements [7, 8, 17–19] and thereby paves
the way to full topological characterization of optical lattice
systems [18–25].
The effect of Berry curvature in our interferometer is
analogous to the Aharonov-Bohm effect, where an electron
wavepacket is split into two parts that encircle a given area
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FIG. 2. Momentum-resolved detection of Berry flux at the Dirac points. A, Sketch of the hexagonal lattice in real space with A (B)
sites denoted by solid (open) circles. The lattice is realized by interfering three laser beams (blue arrows) of wavelength λL, intensity Ii, and
frequency ωL, with linear out-of-plane polarizations. A linear frequency sweep of lattice beam three creates a uniform lattice acceleration along
the y-direction. A magnetic field gradient B′ = 9.0(1) G/cm along the x-axis creates an additional spin-dependent force. B, Interferometer
sequence. Hexagons indicate the first Brillouin zone and red (blue) spheres are atoms in the |↓〉 (|↑〉) state. The duration of the interferometer
sequence is 2τ = 1.6 ms for all measurements. C, Summary of phase differences between measurement and reference loop for different
final quasimomenta kfiny . Error bars denote fit uncertainties or standard deviations in case of averages. Lines are ab initio theory using a full
band structure calculation with: no momentum spread σk = 0 and perfectly localized Berry curvature δkΩ = 0 (black); or σk=0.21kL and
δkΩ ' 10−4kL (blue). The shaded area accounts for an experimental uncertainty of σk = 0.14–0.28kL. Insets show the fraction of atoms n↓
measured as a function of the phase ϕMW for selected quasimomenta. Measurement loop data are shown in blue and reference loop data are
shown in gray with corresponding sinusoidal fits.
in real space (see Fig. 1A). Any magnetic flux through the
enclosed area gives rise to a measurable phase difference be-
tween the two components. This remains true even if the mag-
netic field vanishes everywhere along the paths, and thus ex-
erts no mechanical force on the electron. For a single Bloch
band in the reciprocal space of a lattice system, an analog
of the magnetic field is the Berry curvature Ωn (see Eq. 1),
which we probe by forming an interferometer on a closed
path in reciprocal space (see Fig. 1B). The geometric phase
acquired along the path can be calculated from the Berry con-
nection An, the analog of the magnetic vector potential. For
a lattice system with Bloch waves ψnk(r) = e
ikrunk(r) with
quasimomentum k in the nth band and the cell-periodic part
of the wave-function unk(r), the Berry connection is given
by An(k) = i〈unk|∇k|unk〉. Accordingly, the phase along a
closed loop in reciprocal space is
ϕBerry =
∮
C
An(k) dk =
∫
S
Ωn(k) d
2k (1)
where S is the area enclosed by the path C = ∂S , and
Ωn = ∇k × An(k) the Berry curvature (color shading in
Fig. 1D) [4]. Although neither the magnetic vector potential
nor the Berry connection is uniquely defined, the geometric
phase acquired along a closed loop is gauge independent [1],
and is therefore a measurable observable that encodes infor-
mation on the geometrical properties of a Bloch band.
We implemented the graphene-like hexagonal optical lat-
tice for ultracold 87Rb atoms by superimposing three linearly
polarized blue-detuned running waves at 120(1)◦ angles, as
depicted in Fig. 2A. The resulting dispersion relation includes
3two non-equivalent Dirac points with opposite Berry flux lo-
cated at K and K′, which are repeated in every BZ (see
Fig. 1D). The origin of the pi Berry flux lies in the bipartite
structure of the hexagonal lattice [11]. As the unit cell con-
tains two non-equivalent lattice sites A and B (Fig. 2A), the
Bloch wave of the lowest band has the form of a spinor. Time-
reversal and inversion symmetries constrain this spinor to the
equatorial plane of its Bloch sphere, and each Dirac point acts
as a magnetic monopole in reciprocal space [1, 12], giving
rise to the winding phase of the spinor in Fig. 1D. The spinor
Bloch wave, just as a real spin-1/2 particle in a slowly rotat-
ing magnetic field, therefore acquires a geometric phase of pi
along any trajectory enclosing a single Dirac point. The Berry
curvature is thus confined to a perfectly localized pi Berry flux,
Ωn = ±piδ(k−K(′)) (see supporting online material, SOM),
provided the aforementioned symmetries hold. Generically,
the inversion symmetry may be broken by a slight ellipticity
of the lattice beam polarizations, which introduces a small en-
ergy offset ∆ between the A and B sites [6]. Such an offset
opens a small gap at the Dirac points and spreads the Berry
curvature over a finite range of quasimomenta, as shown in
Fig. 1D. By probing for a spread in Berry curvature, we can
thus place a bound on imperfections in the lattice, while si-
multaneously benchmarking the resolution of our interferom-
eter.
The interferometer sequence (see Fig. 2B) begins with
the preparation of an almost pure 87Rb BEC in the state
|↑〉 = |F = 2,mF = 1〉 at quasimomentum k = 0 in a V0 =
1Er deep lattice, where Er = h2/(2mλ2L) ≈ h× 4 kHz is
the recoil energy, and h is Planck’s constant. A resonant
pi/2-microwave pulse creates a coherent superposition of |↑〉
and |↓〉 = |F = 1,mF = 1〉 states (i). Next, a spin-dependent
force from a magnetic field gradient and an orthogonal spin-
independent force from lattice acceleration move the atoms
adiabatically along spin-dependent paths in reciprocal space
(ii) [10]. The two spin-components move symmetrically about
a symmetry axis of the dispersion relation. After an evolu-
tion time τ , a microwave pi-pulse swaps the states |↓〉 and
|↑〉 (iii). Each atomic wavepacket now experiences an op-
posite magnetic force in the x-direction, such that both spin
components arrive at the same quasimomentum kfin after an
additional evolution time of τ (iv). At this point, the state
of the atoms is given by |ψfin〉 ∝ |↑,kfin〉+ eiϕ|↓,kfin〉 with
relative phase ϕ. A second pi/2-microwave pulse with a
variable phase ϕMW closes the interferometer (v) and con-
verts the phase information into spin population fractions
n↑,↓ ∝ 1± cos(ϕ+ ϕMW ), which are measured by standard
absorption imaging after a Stern-Gerlach pulse and time-of-
flight.
The phase difference ϕ at the end of the interferometer se-
quence consists of the geometric phase and any difference in
dynamical phases between the two paths of the interferome-
ter. Ideally, the dynamical contribution should vanish due to
the symmetry of the paths and the use of the spin-echo se-
quence (see SOM). To ascertain that the measured phase is
truly of geometric origin, we perform a reference measure-
ment with a ’zero-area’ interferometer, comprising a V-shaped
path produced by reversing the lattice acceleration after the pi-
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FIG. 3. Self-referenced interferometry at the Dirac point. A, Ex-
amples of interferometer paths closing near the edge of the BZ for
different initial quasimomenta: Due to the initial momentum spread,
the cloud (circle with colored sectors, not to scale) is split by the
edges of the BZ. Band-mapping spatially separates the three differ-
ent parts of the cloud onto three corners of the first BZ (schematic and
image). The measured differential Berry phase between the parts is
the integral of Ωn over non-common surfaces (blue-shaded areas).
B, Phase differences between atoms that have crossed the band edge
and the lagging (bottom) cloud versus final quasimomentum kfiny for
paths close to the K (K′) point in red (blue). The shaded region
indicates a range of δkΩ = 0 − 12 × 10−4kL for the Berry curva-
ture, while the line is calculated for δkΩ ' 10−4kL, corresponding
to an A-B offset of ∆ = 3× 10−4Er . The inset shows the contrast
(nmax↓ − nmin↓ )/(nmax↓ + nmin↓ ) of the interference fringes of the full
cloud. Theory line and shading is identical to the main graph. All
calculations assume σk = 0.15kL.
microwave pulse of Fig. 2B (iii).
As a key result of this work, we locate the Berry flux of
the Dirac cone by performing a sequence of interferometric
measurements in which we vary the region enclosed by the
interferometer. This is achieved by varying the lattice accel-
eration at constant magnetic field gradient to control the final
quasimomentum kfiny (k
fin
x = 0) of the diamond-shaped mea-
surement loop. The resulting phase differences between mea-
surement and reference loops are shown in Fig. 2C. When one
Dirac point is enclosed in the measurement loop, we observe
a phase difference of ϕ ' pi. In contrast, we find the phase
difference to vanish when enclosing zero or two Dirac points.
We find very good agreement between our data and theoret-
ical predictions (see Fig. 2C) accounting for the momentum
spread of the BEC. This momentum spread affects the posi-
tions of the pi phase jumps but does not limit their sharpness.
Indeed, the data are consistent with the step function expected
for an inversion-symmetric lattice, where it is impossible to
identify the sign of the Berry flux (±pi). Small deviations of
the phases from 0 or pi can be due to an imperfect alignment
of the magnetic field gradient, magnetic field fluctuations or
an imperfect lattice geometry (see SOM).
4To minimize systematic errors and improve our measure-
ment precision, we performed self-referenced interferometry
close to the Dirac points. Due to the finite initial momentum
spread of the BEC, each atom moves along a slightly different
measurement loop, as shown in Fig. 3A. As in Bloch oscil-
lation experiments [10], a standard band-mapping technique
[27] projects those ’slices’ of the cloud that have (left, right)
or have not (bottom) crossed the edge of the BZ onto three dif-
ferent corners of the first BZ (see Fig. 3A), such that we can
measure their acquired phases independently. This method
effectively uses the edge of the first BZ to increase the quasi-
momentum resolution. By using the phase of the Ramsey sig-
nal from the lagging bottom cloud as a reference phase ϕB ,
we also reduce sensitivity to drifts in the experiment. The
measured phase differences ϕ = (ϕL + ϕR)/2− ϕB , where
ϕL and ϕR refer to the phases of the left and right clouds
in the BZ, respectively, show a sudden jump from 0 to pi
as the atoms cross the edge of the band (see Fig. 3B). The
position of the phase jump is in excellent agreement with a
numerical calculation including an initial momentum spread
of σk = 0.15(1)kL, consistent with an independent time-of-
flight measurement. Remarkably, the phase jump occurs
within a very small quasimomentum range of < 0.01 kL, and
an arctangent fit to the experimental data gives a phase dif-
ference of ϕ =0.95(10)pi. Both results are compatible with a
perfectly localized and quantized pi Berry flux.
To constrain the possible spread in Berry curvature, we an-
alyze not only the phase (Fig. 3B) but also the contrast of the
interference fringes, plotted in the inset of Fig. 3B. The loca-
tion of the Dirac cone manifests itself through a pronounced
minimum in the interference contrast. The sharpness of the
phase jump and the strong reduction of contrast down to our
detection limit demonstrate that the interferometric protocol
can map the Berry curvature with extraordinarily high reso-
lution. In the case analyzed here, the contrast measurements
provide an upper bound for the spread of the Berry curvature
around the Dirac cone of δkΩ < 6 × 10−4kL (HWHM), cor-
responding to a maximal A-B site offset of ∆ < h×12 Hz
and a ratio of energy gap at the Dirac cone to bandwidth of
< 3 × 10−3. Remarkably, the steepness of the phase jump
in Fig. 3B suggests an even stronger localization of the Berry
curvature on the order of δkΩ ' 10−4kL (∆ ' h×3 Hz).
To verify the method’s sensitivity to changes in Berry flux,
we performed interferometry in a modified lattice potential.
Changing the power of two lattice beams (I1, I2) relative to
the third (I3) deforms the lattice structure, while preserv-
ing time-reversal and inversion symmetry. With decreasing
I1,2/I3 < 1, the Dirac points and the associated fluxes move
toward each other along the symmetry axis of the interferom-
eter loop [11] (insets of Fig. 4A). Nonetheless, the Berry flux
singularities remain protected by symmetry until the Dirac
points merge and annihilate [21]. By using a fixed mea-
surement loop that encloses one Dirac point in the intensity-
balanced case, we can measure the change of the geometric
phase as we imbalance the lattice beam intensities. The mea-
sured Berry phases drop from pi to 0 as the Dirac point moves
out of the loop, in very good agreement with ab initio cal-
culations (see Fig. 4A). To precisely map the location of the
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FIG. 4. Mapping the movement of Berry flux under distortion of
the lattice. A, Phase difference between reference and measurement
loop versus lattice imbalance around K (red) and K′ (blue) for a
fixed final quasimomentum kfiny = ±1.2kL. Red and blue dots in the
insets give the location of Dirac points for the indicated imbalances.
Theory curve is calculated for lattice depth V0 = 1Er , momentum
spread σk=0.15kL, and δkΩ ' 10−4kL. Shaded area corresponds
to δkΩ = 0− 12× 10−4kL. B, Self-referenced phase near K and
K′ for an imbalance I1,2/I3 = 1.0 and I1,2/I3 = 0.7 in light and
dark blue, highlighting the shift in the location of Berry flux. Phases
are measured as in Fig. 3. Orange data are phase differences between
the measurement and reference loops for an imbalance of I1,2/I3 =
0.2, where no phase shift is observed. Curves are guides to the eye.
The inset shows the calculated Berry phase for loops with various
final kfiny and lattice imbalances using the same σk and δkΩ as above.
Colored lines indicate parameters explored in the measurements.
Berry flux in the imbalanced lattice, we again use the self-
referenced interferometry of Fig. 3. As shown in Fig. 4B, im-
balancing the lattice by decreasing I1,2/I3 narrows the range
of final quasimomenta for which the interferometer encloses
a single pi flux, thereby shifting both the upward and down-
ward phase jumps towards the M point. The position of the
phase jump at kfiny = 1.2kL for I1,2/I3 = 0.7 is in very good
agreement with theory, while deviations of '10% from the
calculated value in the positions of the phase jumps at higher
quasimomenta can likely be attributed to a combination of ge-
ometric imperfections and the effect of the dynamical instabil-
ity of the Gross-Pitaevskii equation [28]. For a stronger im-
balance (I1,2/I3=0.2), the two Dirac points have annihilated,
and hence no phase jump is observed for any loop size.
To conclude, we have demonstrated the first momentum-
5resolved measurement of Berry curvature, using atom interfer-
ometry. By employing a Bose-Einstein condensate, we con-
strain the spread of Berry curvature around a Dirac point in a
hexagonal optical lattice to be smaller than δkΩ < 10−3kL,
thereby highlighting both the singular topological nature of
a conical intersection and the resolution achievable with this
method. Our Aharonov-Bohm-type interferometer allows one
to fully resolve the geometric structure of a single Bloch band
by combining local measurements of the Berry phase along
small paths, thereby enabling the full reconstruction of topo-
logical invariants such as Chern numbers. The method can
readily be applied to a variety of optical lattices and other
physical settings such as polariton condensates [29]. Multi-
band extensions of this work can enable measurements of Wil-
son loops and off-diagonal (non-Abelian) Berry connections
and thus provide a framework for the full determination of the
geometric tensor of Bloch bands in periodic structures [30].
Controlled application of non-Abelian Berry phases would
furthermore constitute a key step towards holonomic quantum
computation [31]. Even within a single topologically trivial
band, the possibility of preparing a BEC or Fermi-sea at fi-
nite quasimomentum should enable the observation of tran-
sient Hall responses due to local Berry curvature and, com-
bined with the possibility of performing quantum quenches
and the control of interactions, is expected to lead to novel
many-body phenomena [32]. Finally, the highly non-linear
phase jump we have observed at the Dirac point may find ap-
plication in precision force sensing [33].
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6SUPPORTING MATERIAL
This appendix provides the theoretical background for our
interferometric characterization of band topology in a hexago-
nal optical lattice and additional experimental details. In Sec-
tion SI A, we present the theory of the Aharonov-Bohm-type
interferometer in momentum space. Section SI B reviews the
origin of the Berry flux in a honeycomb lattice, focusing on
a tightbinding model that captures the essential physics. We
proceed in Sec. SI C to a complete description of the honey-
comb lattice as realized in our experiment. Finally, in Sec.
SI D we account for effects of the atomic momentum distri-
bution to verify our detailed quantitative understanding of the
experimental results. In Sec. SII, we provide additional exper-
imental details.
SI. THEORETICAL BACKGROUND
A. Aharonov-Bohm Interferometry in 2D Bloch Bands
To form an interferometer in reciprocal space, we combine
a magnetic field of magnitude B = B0 + r · ∇B with an
orthogonal acceleration a ⊥ ∇B of the lattice. The resulting
time-dependent Hamiltonian for an atom of magnetic moment
µ and mass m is
H(t) =
p2
2m
+ V [r−R (t)]− µ r · ∇B − µB0, (S.1)
where V (r) describes the lattice potential at t = 0 and
R(t) = at2/2. The dynamics of this Hamiltonian is
most conveniently analyzed in a frame co-moving with
the lattice, which we enter via a unitary transformation
U(t) = e−ir·mateip·R(t), with ~ = 1. The time-dependent
Schro¨dinger equation iΨ˙ = H(t)Ψ can then equivalently be
expressed as i ˙˜Ψ = H˜Ψ˜, where Ψ˜ = UΨ and
H˜ = UHU† + iU˙U† =
p2
2m
+ V (r)−Fµ · r+ εµ(t).
(S.2)
Here, p2/(2m) + V (r) ≡ H0 is the bare lattice Hamiltonian,
Fµ = µ∇B −ma includes both the magnetic force and the
fictitious force experienced by the atoms in the non-inertial
lattice frame, and εµ(t) = −µ[R(t) · ∇B + B0] describes
the Zeeman energy. The R-dependent Zeeman contribution
is ideally kept zero by setting the acceleration to be orthog-
onal to the magnetic field gradient. The effect of the energy
µB0 is removed by our spin-echo sequence, provided that the
magnetic field is constant over the duration of the experiment.
We nevertheless retain εµ in our analysis to remain aware of
potential sources of experimental error. We omit in Eq. S.2
a kinetic energy offset 12m|at|2 that is common to both spin
states.
The effect of the force Fµ is to induce a translation k →
k + Fµt in reciprocal space. To verify this, and to calculate
the phase acquired in the process, we substitute into the time-
dependent Schro¨dinger equation the ansatz
Ψ˜(t) = eiη(t)ψnk0+Fµt, (S.3)
where ψnk(r) = e
ik·runk(r) are Bloch wavefunctions satisfy-
ing H0ψnk(r) = En(k)ψ
n
k(r) for the n
th band. We assume
that the force is sufficiently weak to restrict the dynamics to a
single band of index n = 1, a condition satisfied in our experi-
ment (see Sec. SII). After a time τ , the wave function acquires
a phase η = ϕdyn + ϕBerry that generically can include both
a dynamical contribution
ϕdyn =
∫ τ
0
[E1 (k+Fµt) + εµ (t)] dt (S.4)
and the geometric contribution that is our chief interest:
ϕBerry = i
∫ τ
0
〈u1k+Fµt|∇k|u1k+Fµt〉 ·Fµ dt
= i
∫
C
〈u1k|∇k|u1k〉 · dk. (S.5)
The last equality emphasizes that, in contrast to the dynamical
phase, ϕBerry depends only on the path C in reciprocal space
and not on the time required to traverse it. Note that for an
open path C, the geometric phase ϕBerry is gauge-dependent,
as we are free to redefine the functions unk by an arbitrary k-
dependent phase factor. Yet for any closed loop, such as is
formed by our full spin-echo sequence (Fig. 2), ϕBerry is an
observable, gauge-invariant quantity measuring the enclosed
Berry flux [S1].
To design an interferometer that measures only the Berry
phase ϕBerry without dynamical phase contributions, we ex-
ploit the symmetry of the lattice under a reflection xˆ → −xˆ.
We choose the magnetic field gradient to lie along xˆ and the
acceleration correspondingly along yˆ. This ensures that two
spin states of opposite magnetic moment sample the same dis-
persion relation at each point in time:
E1
(
k+F |µ|t
)
= E1
(
k+F−|µ|t
)
. (S.6)
Ideally, the dynamical phase is thus common to both interfer-
ometer arms and has no influence on the measurement.
In practice, imperfections in alignment of the magnetic field
gradient relative to the lattice, or errors in the relative angles or
intensities of the lattice beams, can introduce small dynami-
cal phases that contribute to our experimental uncertainty. For
example, for the data in Fig. 2 in the main text, the Zee-
man term εµ(t) in the dynamical phase ϕdyn coming from an
imperfect alignment of the magnetic field gradient increases
linearly with the lattice acceleration, and consequently the fi-
nal quasimomentum kfiny , and is likely a dominant source of
systematic error at large
∣∣kfiny ∣∣. The experimental tolerances
on the alignment of the magnetic field gradient are discussed
further in Section SII.
7B. Berry Flux in a Hexagonal Lattice: Tight-Binding Model
The origin of the Berry fluxes in the honeycomb lattice can
readily be understood in the tight-binding limit, where the lat-
tice may be decomposed into two triangular sublattices that
are coupled by nearest-neighbor hopping (Fig. S1A). With the
ground-state Bloch wavefunctions of the two sublattices as ba-
sis states, the two lowest bands of the honeycomb lattice are
described by the Hamiltonian [S2]
Htb(k) =
(
∆/2 −tk
−t∗k −∆/2
)
, (S.7)
where ∆ is an energy offset between the sublattices and
tk = Je
ik·d1 + Jeik·d2 + Jeik·d3 , (S.8)
with di being the nearest-neighbor lattice vectors and J the
hopping amplitude. The eigenstates of Htb are spinors u±k ,
which may be visualized in terms of the expectation value
S(k) = ±〈u±k |σ|u±k 〉 of the Pauli operator σ in the ground
state. The momentum-dependent orientation of the pseu-
dospin S(k) is illustrated in Fig. S1B. For ∆ = 0, the pseudo-
spin S undergoes a full rotation in the Sz = 0 plane in an
infinitesimal loop around a Dirac point. This winding gives
rise to the pi Berry flux at the Dirac point, in precise analogy
to the pi phase acquired by a spin-1/2 particle as its alignment
adiabatically follows a magnetic field through a single rotation
in the xy-plane [S3].
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FIG. S1. Tight-binding model of the honeycomb lattice. A, Lat-
tice in real space, composed of sub-lattices A (solid circles) and B
(open circles), with nearest-neighbor hopping vectors di. B, Spinor
eigenstates in reciprocal space, illustrated for the case of degenerate
sublattices ∆ = 0. Directions of the purple arrows indicate the ori-
entation of S(k) in the x, y-plane. Lengths of the arrows indicate the
gap E+(k)−E−(k) between eigenenergies E± of Htb. The wind-
ing of S about the zˆ axis in the vicinity of each Dirac point K,K′
(red, blue) produces a sign change in the wave function of a particle
that adiabatically encircles it [S3], corresponding to a Berry phase of
pi.
More generally, for an arbitrary two-band system, the Berry
curvature of the nth band may be calculated as
Ωn(k) = i∇k × 〈unk|∇k|unk〉 =
S
2
·
(
∂S
∂kx
× ∂S
∂ky
)
. (S.9)
For the honeycomb lattice with nearly degenerate sublattices
(∆/J  1), as in the case of our experiment, Ω is well ap-
proximated in the vicinity of each Dirac point K+ ≡ K or
K− ≡ K′ by
Ωn(k) ≈ ± 1
2γ2
(
1 +
∣∣∣∣k−K±γ
∣∣∣∣2
)−3/2
, (S.10)
where γ = 13d
∆
J parametrizes the distribution of Berry cur-
vature, and d = |di|. We quantify the spread in Berry cur-
vature in terms of the half-width at half maximum δkΩ of
the distribution Ωn(k). In the limit of perfect sublattice de-
generacy (∆ = 0), Eq. S.10 reduces to the singular form
Ωn(k) = ±piδ(k −K±). This singularity is imposed by the
symmetries of the lattice under time reversal T and inversion
I, which preclude any loop in reciprocal space from enclosing
a Berry flux with a well-defined sign [S4].
C. Optical Hexagonal Lattice: Full Description
As our experiments are performed outside the tightbinding
regime, we perform all theoretical modeling of the system by
ab initio band-structure calculations incorporating the full lat-
tice potential. The experimental setup described in the main
text produces a lattice of the form
V (x, y) =
∣∣∣∣∣
3∑
i=1
√
Vie
−iki·r
∣∣∣∣∣
2
=V1 + V2 + V3 + 2
√
V1V2 cos(
√
3kLx)
+ 2
√
V1V3 cos
(
kL
(√
3
2
x− 3
2
y
))
+ 2
√
V3V2 cos
(
kL
(√
3
2
x+
3
2
y
))
, (S.11)
where ki are the wave-vectors of the three lattice beams with
wavenumber kL = |ki| and Vi is the ac Stark shift produced
by the ith beam alone. Note that Vi ∝ Ii, where Ii are the in-
tensities of the beams. All of our experiments are conducted
with V1 = V2, so that the lattice is symmetric under reflec-
tion x → −x about the symmery axis of the interferome-
ter. This condition ensures, together with the orthogonality
between lattice acceleration and magnetic field gradient, that
the interferometer measures only a geometrical phase while
dynamical phases cancel out (see Sec. SI A).
i. Imbalanced Lattice
To vary the location of the Berry flux in the reciprocal lat-
tice, we change the intensities of two lattice beams relative to
the third, setting V1,2 = fV3. The lower the imbalance factor
f , the smaller the separation between the Dirac points along
the yˆ direction becomes, as illustrated in Fig. S2. At a criti-
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FIG. S2. Energy spectrum and movement of the Dirac points. A, 2D plots of the lowest energy band from ab initio calculations as a
function of intensity imbalance f = V1,2/V3, where V3 = 1Er . The color scale on each plot is normalized to the band width Emax. The
dashed lines indicate the merging direction which is also the symmetry axis of the interferometer. B, Energy splitting between the two lowest
bands for a cut along the merging direction (kfinx =0).
cally low imbalance factor fc, the Dirac points merge and the
corresponding Berry fluxes annihilate, leaving a gapped spec-
trum with no topological features for f < fc [S5]. For the
lattice depth of 1Er employed in our experiments and consid-
ered in Fig. S2, fc = 0.2.
ii. Calculation of Berry curvature
For the ideal honeycomb lattice defined in Eq. S.11, time-
reversal and inversion symmetries dictate that the Berry cur-
vature has to be localized in delta-function singularities. In
practice, however, the Berry curvature may be spread out by
experimental imperfections that break the inversion symme-
try, such as ellipticity in the lattice beam polarizations [S6].
To allow for a finite Berry curvature in our model, we add to
the potential of Eq. S.11 a term
VAB =
∆√
3
sin(
√
3kLx) (S.12)
that introduces a small energy offset ∆ between the A and
B sublattices. By numerically diagonalizing the full Hamil-
tonian including this term, we calculate the Berry curvature
from the eigenstates |unk〉 on a discrete grid in reciprocal space
[S7]. Refining the grid via a local adaptive algorithm enables
an efficient and precise calculation even for the highly local-
ized Berry curvature in our system. To quantify the localiza-
tion in Berry curvature and estimate the associated sublattice
offset ∆, we fit the numerical calculation with the model of
Eq. S.10.
D. Effects of Atomic Quasimomentum Distribution
To accurately relate the measured interferometer phases to
the location of the Berry flux in reciprocal space, we must
account for the quasimomentum spread of the atom cloud. In
an interferometer that encloses a region S for atoms initially
at k = 0, an atom that instead has an initial quasimomentum
k = Q acquires a Berry phase
Φ(Q) =
∫
S
Ω(k+Q) d2k. (S.13)
In our most straightforward analysis, we measure spin-state
population fractions (n↑, n↓) averaged over the entire cloud
to obtain a Ramsey fringe
n↑ − n↓ =
∫
cos [ϕMW + Φ(Q)]n(Q) d
2Q
= C cos(ϕMW + ϕ), (S.14)
where n(Q) represents the normalized initial quasimomen-
tum distribution, with
∫
n(Q) d2Q = 1. The phase ϕ =
arg(z) and the observed contrast C ≤ |z| are given by
z =
∫
n(Q) exp(iΦQ) d
2Q. (S.15)
The actual interference contrast in the experiment is imperfect
due to inhomogeneous broadening of the microwave transi-
tion and the heating associated with dynamical instability. In
modeling the data, we therefore globally rescale the predicted
9contrast C according to the maximum observed contrast for
loops ending close to the Dirac point (∆k ' 0.1 − 0.2 kL),
i.e., C = Cmax × |z| . We find excellent agreement between
this simple model and our data. Comparisons of experimental
results with the above model are shown in Fig. 2-4 of the main
text. In calculating each of the model curves in the graphs, we
assume n(Q) to be Gaussian with standard deviation σk. In
Fig. 2, to account for heating during the sequence, the blue
shaded area shows the predicted phase ϕ vs. final quasimo-
mentum for a range of values 0.14kL ≤ σk ≤ 0.28kL. The
minimum value of σk corresponds to the independently mea-
sured momentum spread of the cloud before the start of the in-
terferometer sequence of σk = 0.14(1)kL (see the experimen-
tal section Sec. SII ii for details). Data in Fig. 3 and 4A, close
to the edge of the BZ, are best fit with with a σk = 0.15kL,
which indicates at most a modest heating during the motion of
the atoms in reciprocal space as they approach the first Dirac
point.
i. Auxiliary analysis near Dirac point
The self-referenced interferometry presented in Fig. 3 em-
ploys an auxiliary analysis of the images obtained for final
quasimomenta in the vicinity of the Dirac point K. Here, the
edges of the three Brillouin zones that touch at K “slice” the
atomic cloud into three components (L,R,B, as labeled in
Fig. 3) that are well spatially separated in band-mapped pic-
tures after time-of-flight (TOF) expansion. We perform in-
dependent fits to each of the three corresponding interference
fringes to determine the phase
ϕ = (ϕL + ϕR)/2− ϕB . (S.16)
Here, L andR label the atoms in slices that are first to pass the
Dirac point and thereby acquire a phase shift relative to atoms
in cloud B. In modeling the self-referenced interferometer,
we apply Eqs. S.14-S.15 to calculate the phase of each inter-
ference fringe, substituting for n(Q) one of the three slices of
the full quasi-momentum distribution. The curve calculated
for σk = 0.15kL fits the data in both Fig. 3B and Fig. 4B very
well.
The data in Fig. 4B are obtained from self-referenced inter-
ferometry with paths enclosing up to two Dirac points. In the
vicinity of the second Dirac point we again apply Eq. S.16,
with the label B now referring to the contingent of atoms
that lead the procession along ky and are thus first to sam-
ple the Berry flux of both Dirac points. Theory lines in Fig.
4B are arctangent fits with the slope of the phase jump fixed
by our best estimate of the HWHM of the Berry curvature,
δkΩ ' 10−4kL, from the data of Fig. 3B.
SII. EXPERIMENTAL METHODS
This section of the supplements provides additional infor-
mation on the relevant experimental parameters and the op-
timizations taken to reduce potential sources of errors in the
evaluation of the Berry phase.
ii. Preparation scheme
87Rb atoms are cooled to quantum degeneracy by evapora-
tive cooling initiated in a plugged quadrupole trap and com-
pleted in a crossed-beam dipole trap. The experimental se-
quence begins with an almost pure BEC of typically 4 · 104
atoms in the internal state |F = 1,mF = 0〉. The magnetic
field gradient is turned on 2s before the interferometer se-
quence starts to allow the current to stabilize. The atoms are
then adiabatically loaded into a hexagonal lattice of chosen
depth and configuration in 100 ms. A 15µs microwave pi-
pulse transfers the atoms in |1, 0〉 to |2, 1〉 to start the spin-
echo sequence.
Directly after loading into the lattice, the momentum spread
measured via time of flight expansion is σk = 0.14(1)kL.
TOF images after the interferometry sequence show evidence
of modest heating over the course of the motion, attributable
to dynamical instabilities arising in regions of reciprocal space
where the atoms acquire a negative effective mass [S8].
iii. Lattice calibration and trap frequencies
The lattice depth is calibrated via Stu¨ckelberg interferome-
try [S9]. By measuring the energy difference between the first
and second band at different locations in the Brillouin zone
(BZ), we estimate a lattice depth of 1.0(1)Er. The trap fre-
quencies of the combined blue-detuned lattice and dipole po-
tential are ωx,y/2pi=26.5(7) Hz and ωz/2pi=183(2) Hz. They
are obtained by measuring the oscillation frequency of the
center-of-mass motion of the BEC after a perturbation of the
trapping potential. Due to the modest atom number and the
rather small trap frequencies, the system is sufficiently dilute
such that interaction effects can be neglected to first order.
iv. Detection
We perform a band-mapping sequence by linearly ramping
down the lattice in 410 µs. During the 10 ms TOF, a Stern-
Gerlach pulse of 9.5 ms is applied to separate the |↑〉 and |↓〉
states. While this imaging can perfectly resolve the L, R, B
parts in the BZ within each spin component (see Fig. 3A in the
main text), due to the short TOF the imaged size of these parts
remains dominated by the in situ cloud size and is therefore
a convolution of the quasimomentum and real-space distribu-
tions. To extract the phase after the interferometry, we count
the population of atoms in the two spin states. Depending our
analysis method, we count either the atoms in the individual
slices (L, R, B) or all the atoms of the cloud.
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v. Acceleration parameters
In all the experimental runs, the magnetic field gradient
produces an acceleration |µ∇B| /m = 2.9(1) m/s2. The fre-
quency of lattice beam three is swept via acousto-optical mod-
ulators to accelerate the atoms along the propagation direc-
tion of the beam [S10]. The magnitude of this acceleration is
|a| = 23λL dνdt , where dνdt is the rate of frequency change. In the
experiment, we vary the lattice acceleration from 1 to 11 m/s2
to change the atoms’ final quasimomentum kfiny . We ensure
that the motion is adiabiatic for this range of forces by check-
ing that the occupation of higher bands is negligible.
vi. Optimization of the spin-echo sequence
Time-dependent fluctuations of the magnetic field B(t) are
the dominant source of noise in the interferometry sequence
and contribute to the dynamical phase (see eq. S.4). To
minimize the effect of magnetic field fluctuations, which are
mostly due to background AC-noise, we synchronize the be-
ginning of the interferometer sequence to the 50 Hz-line and
keep the duration of the sequence fixed at 1.6 ms.
As mentioned in Sec. SI A, the orthogonality of the lattice
and gradient force is crucial for the cancellation of dynamical
phases, and it is necessary to fine-tune the alignment of the
forces. Therefore, to create the gradient, we use both a main
coil and a second fine-tuning coil which is roughly perpen-
dicular in position to the main coil. By changing the current
through the latter coil, we can tilt the direction of the com-
bined gradient. For orthogonal gradient and lattice forces,
the phase measured by the zero-area reference interferometer
should be independent of kfiny . Hence, to optimize the direc-
tion of the gradient, we measure the phase of the reference
loop for different lattice accelerations and currents of the fine-
tuning coil. From our calibration, we estimate an error on the
gradient alignment of at most 2◦.
[S1] D. Xiao, M.-C. Chang, and Q. Niu, Rev. Mod. Phys. 82, 1959
(2010).
[S2] G. W. Semenoff, Phys. Rev. Lett. 53, 2449 (1984).
[S3] Y. Aharonov and L. Susskind, Phys. Rev. 158, 1237 (1967).
[S4] G. P. Mikitik and Y. V. Sharlai, Phys. Rev. Lett. 82, 2147
(1999).
[S5] L. Tarruell, D. Greif, T. Uehlinger, G. Jotzu, and T. Esslinger,
Nature 483, 302 (2012).
[S6] S. K. Baur, M. H. Schleier-Smith, and N. R. Cooper, Phys.
Rev. A 89, 051605 (2014).
[S7] T. Fukui, Y. Hatsugai, and H. Suzuki, Journal of the Physical
Society of Japan 74, 1674 (2005).
[S8] L. Fallani, L. De Sarlo, J. E. Lye, M. Modugno, R. Saers,
C. Fort, and M. Inguscio, Phys. Rev. Lett. 93, 140406 (2004).
[S9] A. Zenesini, D. Ciampini, O. Morsch, and E. Arimondo,
Phys. Rev. A 82, 065601 (2010).
[S10] M. Ben Dahan, E. Peik, J. Reichel, Y. Castin, and C. Salomon,
Phys. Rev. Lett. 76, 4508 (1996).
